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ABSTRACT 
Objective: The purpose of this study was to identify and characterize NFX1 transcription factors (TFs) in wheat and study their expression profiles 
in response to leaf rust infection. 
Methods: NFX1 transcription factors were identified by in silico data-mining, followed by characterisation using different bioinformatics tool. The 
evolutionary relationship was established by constructing a phylogenetic tree with Arabidopsis NFX1 proteins using Molecular Evolutionary Genetic 
Analysis (MEGA5). Expression analysis of identified TaNFX1 TFs in wheat was performed using CLC Genomics Workbench.  
Results: Nine NFX1 transcription factors were identified in wheat. Evolutionary analysis revealed their classification into group 1, 2 and 4 type 
NFX1 zinc finger. Tag based expression analysis revealed that based on the fold change values, the maximum level of expression was observed in 
TaNFX1-3 and 7 whereas, the minimum level of expression was observed in TaNFX1-2 in response to leaf rust pathogenesis. Chromosomal 
localization predicted that identified NFX1 sequences belonged to 3A, 3B, 3D and 7D chromosomes. 
Conclusion: Using transcriptomic approach nine NFX1 TF proteins are predicted that regulate gene expression in response to leaf rust disease in 
wheat which has not been reported or studied before. Functional and bioinformatics-based exploration of wheat NFX1 TFs in related monocots 
might provide subsets of candidate target genes to improve agronomic traits related to biotic stress tolerance. 
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INTRODUCTION 
Wheat (Triticum aestivum L.) is a member of the Poaceae family and 
provides 40-60% of calories in human diets. It is one of the vital 
sources of food for a large part of the world’s population covering 
18.8% of daily caloric intake in human diet [1]. The demand of 
wheat is expected to increase by 60% by the year 2050, whereas the 
production is estimated to decrease 29% due to environmental 
stress factors including both biotic and abiotic stress [2]. Hence, 
comprehension of molecular mechanisms such as transcription 
factors (TFs) underlying the stress tolerance in wheat has a great 
importance for improvement of wheat cultivars [3]. 
NFX1 proteins present in eukaryotes represent a class of TFs which 
are characterized by NFX1-type zinc finger motifs. Currently, 176 
NFX1 TFs have been identified in plants and submitted to Plant 
Transcription Factor Database (PTFDB), Peking University 
(http://planttfdb. cbi. pku. edu. cn/). In Arabidopsis, two NFX1 
homologs, AtNFXL1 and AtNFXL2 have been identified which are 
characterized by NFX1 type zinc fingers and PHD finger motifs. NFX1 
type zinc finger motifs mediate DNA binding and PHD finger motifs 
located in nuclear proteins is involved in chromatin-mediated 
transcriptional regulation and also mediates protein interactions [4]. 
The AtNFXL1 protein is a part of regulatory mechanism, which 
improves the physiological status of plants and supports growth and 
survival under stress [5]. Besides these two domains, a RING finger 
domain is located within the N-terminus [6]. RING finger proteins 
are found in both nucleus and cytoplasm [7]. They function as 
ubiquitin ligases that interact with specific substrates and 
combination with ubiquitin-conjugating enzymes (E2s) confer 
ubiquitination to target proteins in vitro and in vivo. In wheat, four 
NFX1 protein sequences are available at PTFDB. Plant NFX1-like 
proteins modulate growth and survival by coordinating Reactive 
Oxygen Species (ROS), Salicylic Acid (SA), biotic stress and Abscisic 
Acid (ABA) responses. These plant proteins possessed both specific 
C4HC3 RING finger motif and conserved Cys-rich region including 
NFX1-type zinc finger motifs as present in human NFX1 protein. 
PHD finger consists of a C4HC3 Zn-ligand signature. In case of RING 
finger domains, different arrangements such as C3H2C3 (RING-H2) 
[8], or C3HC4 (RINGHC) [9], also C4HC3 (RING-CH) [10], C2H2C4 
[11] and C8 [12] are known. Leaf (brown) rust disease in wheat 
caused by obligate biotrophic fungus Puccinia triticina Eriks. is one 
of the most common rust disease occurring world wide than stem 
rust (P. graminis f. sp. tritici) or stripe rust (P. striiformis f. sp. tritici) 
of wheat. The present study was undertaken with the aim to identify, 
characterize NFX1 TFs in wheat and to decipher their roles during 
leaf rust pathogenesis.  
MATERIALS AND METHODS 
In silico data mining of NFX1 TFs and phylogenetic analysis 
All available NFX1 nucleotide and protein sequences were retrieved 
from different species (Brachypodium distachyon, Oryza sativa subsp. 
Indica, Oryza sativa subsp. japonica, Sorghum bicolor, Triticum uratu 
and Zea mays) from PTFDB. The retrieved nucleotide sequences 
were searched for similarity with wheat Expressed Sequence Tags 
(ESTs) using Basic Local Alignment Search Tool (BLAST) at National 
Centre for Biotechnology (NCBI) with an e-value cut-off of 10 [13-
15]. The no redundant ESTs were selected, translated in silico using 
GENSCAN and only the sequences containing conserved NFX1 
domains opted for further characterization. BLASTN was performed 
with their respective nucleic acid sequences in order to check for 
novelty. Phylogenetic analysis of newly identified NFX1 proteins in 
wheat was performed to study their evolutionary relationship with 
known Arabidopsis sequences based on Multiple Sequence 
Alignments (MSA) and Un weighed Pair Group Method with 
Arithmetic Mean (UPGMA) method using Molecular Evolutionary 
Genetic Analysis MEGA5 software [16]. Bootstrap analysis of 1000 
replicates was carried out to provide confidence estimates for the 
tree topology.  
In silico characterization of identified NF-X1 TFs in wheat 
The theoretical pI and molecular weight[17] was determined for the 
identified TaNFX1 TFs using ExPASy Server (http://us. expasy. 
org/tools/pi_tool. html), whereas, the number of positively and 
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negatively charged amino acid residues, atomic composition, the 
grand average of hydropathicity (GRAVY) and the aliphatic index 
was analyzed using Prot Param [18]. Kinase-specific 
phosphorylation sites [19] and N-glycosylation potential sites [20] 
were predicted for the identified TaNFX1 TFs by NetPhos 2.0 Server 
(http://www. cbs. dtu. dk) and NetNGlyc 1.0 Server (http://www. 
cbs. dtu. dk) respectively. Transmembrane helices and nuclear 
localization signals (NLS) present in the newly identified sequences 
were predicted using HMMTOP [21] and NLStradamus [22] software 
respectively. A cut-off value of 0.6 and Viterbi algorithm was used to 
determine the position and their corresponding amino acid 
sequences of the NLS. Secondary structures were predicted for the 
identified NFX1 proteins using CLC genomics workbench 6.5. A 
functional interacting network of proteins was performed using 
STRING 10 software [23] with a confidence value of 0.15.  
Chromosomal localization 
Chromosomal localization of the identified NFX1 TFs in wheat was 
performed using URGI portal using the BLAST tool (http://wheat-
urgi. versailles. inra. fr/Seq-Repository/BLAST) with a e-value of 
0.0001.  
RNA isolation, serial analysis of gene expression (SAGE) library 
preparation and next generation sequencing 
A pair of wheat Near Isogenic Lines (NILs): HD2329 (seedling leaf 
rust susceptible phenotype, infection type 3+) and HD2329+Lr28 
(seedling leaf rust resistant; Nest Immune infection type 0-0) were 
used in the study. Puccinia triticina pathotype 77-5, the most 
predominant and devastating leaf rust pathogen in all parts of the 
Indian subcontinent, was selected as the experimental pathogen 
[24]. The pathogen inoculum was prepared by mixing 
urediniospores of P. triticina pathotype 77-5 and talcum powder 
(ratio 1:1) and applied gently on moist leaves of the NIL pairs. Both 
plant types were also mock inoculated with only talcum powder and 
used as a control. Plants were placed under a high humidity of 
>90% for 24 h post inoculation (hpi) in the dark to facilitate 
infection. Then the pots were transferred to the normal growth 
chamber (22 °C daytime; 14 °C night time; relative humidity-80%) 
at the National Phytotron Facility, Indian Agriculture Research 
Institute, New Delhi. Leaf tissues from 15 seedlings in each 
treatment were collected at 24 hpi and stored in liquid nitrogen. 
Total RNA isolation from leaf samples using TRI REAGENT 
(Molecular Research Centre, Inc., USA) was carried out as per 
manufacturer’s instruction [25].  
The integrity of the isolated RNAs was confirmed using Agilent Bio 
analyser 2100. Four SAGE libraries were prepared from the isolated 
RNAs [coded as: (i) Susceptible-Mock (S-M): HD2329 mock 
inoculated, (ii) Susceptible-Pathogen Inoculated (S-PI): HD2329 
pathogen-inoculated, (iii) Resistant Mock (R-M): HD2329+Lr28 
mock inoculated and (iv) Resistant-Pathogen Inoculated (R-PI): 
HD2329+Lr28 pathogen inoculated] using SOLiD (Sequencing by 
Oligonucleotide Ligation and Detection) SAGE kit (Applied 
Biosystems, CA, USA) following the recommended protocol and 
sequenced using SOLiD technique at Bay Zoltán Foundation of 
Applied Research, Institute of Plant Genomics, Human Biotechnology 
and Bioenergy, Zagreb, Hungary. The sequences have been submitted 
to NCBI SRA061917 (Bio Sample accession as SAMM01820702, 
SAMM01820703, SAMM01820704 and SAMM01820705). 
Expression analysis of identified TaNFX1 TFs in wheat under 
biotic stress 
Expression values for all the identified TaNFX1 TFs in wheat were 
extracted from the four SOLiD-SAGE datasets using CLC Genomics 
Workbench 6.5. The differential expression of the identified TaNFX1 
transcripts among the wheat NILs in response to leaf rust 
pathogenesis was determined with log2 transformed values and 
represented through heat map scatter plot and volcano plots. 
RESULTS  
In silico identification of NFX1 TFs in wheat and phylogenetic 
analysis  
Two nucleotide sequences of Arabidopsis thaliana, one from B. 
distachyon, five from O. sativa indica, four from O. sativa japonica, three 
from S. bicolor, two from T. uratu and one sequence from Z. mays could 
be retrieved from PTFDB. After blastn with wheat ESTs and removal of 
redundant sequences, nine sequences were identified in wheat (table 
1). Previously four wheat NFX1 sequences were submitted PTFDB 
making the total number of NFX1 sequences to 13 in wheat. 
The evolutionary analysis was performed for the nine newly 
identified NFX1 TFs in wheat with respect to NFX1 protein 
sequences of Arabidopsis thaliana (fig.1). Phylogenetic tree was 
classified into two clades. It was found that TaNFX1-1, 2, 6 and 9 
belonged to Group 1 NFX1 type zinc finger. TaNFX1-4, 5 and At 
NFX1-2 belonged to Group 2 NFX1 type zinc finger. TaNFX1-3, 7, 8 
and AtNFX1-1 belonged to Group 4 NFX1 type zinc finger.  
 
 
Fig. 1: Phylogenetic tree of TaNFX1 proteins with known 
Arabidopsis sequences. Source: author’s own results 
 
In silico characterization of novel wheat NFX1 protein  
The phosphorylation-site analysis provides definitive information 
on functional relationships between signaling proteins. N-
phosphorylation occurs in serine, threonine and tyrosine residue 
which affects a multitude of cellular signaling processes. Any 
potential crossing the threshold of 0.5 represented a predicted 
phosphorylated site. Serine and threonine phosphorylation sites 
were found in all the identified NFX1 proteins. Tryptophan sites 
were absent in NFX1-2, 3, 7 and 8 proteins (table 1). Glycosylation 
plays a critical role in determining protein structure, function and 
stability. Structurally, glycosylation is deemed to affect the three-
dimensional configuration of proteins.  
  









Atomic composition Glycosylation sites 
with threshold 0.5 
Kinase-specific phosphorylation sites 
with threshold 0.5 
C H N O S Serine Threonine Tryptophan 
1 NFX1-1 CJ835435 912 1491 277 252 17 - 1 1 3 
2 NFX1-2 HX191466 914 1419 281 265 30 - 7 1 0 
3 NFX1-3 CJ720243 852 1374 278 267 30 - 7 2 0 
4 NFX1-4 HX191494 1105 1838 376 320 49 - 2 3 1 
5 NFX1-5 CJ592487 1056 1757 363 304 48 - 1 1 1 
6 NFX1-6 CA729903 872 1397 261 257 28 1 4 3 3 
7 NFX1-7 BJ267736 905 1463 287 283 24 - 7 2 0 
8 NFX1-8 HX143764 958 1532 302 289 30 - 5 2 0 
9 NFX1-9 CV780566 495 778 152 137 13 - 3 1 2  
Source: author’s own design 
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Therefore, glycosylation plays a vital role in determining the cellular 
response to exogenous factors. N-glycosylation occurs in asparagine 
amino acid residue present in Asn/Xaa-Ser/Thr stretches where Xaa 
can be any amino acid except proline. This consensus tripeptide is 
referred to as N-glycosylation sequon. Any potential crossing the 
threshold of 0.5 represented a predicted glycosylated site. 
Glycosylation specific prediction sites were found in NFX1-6 protein 
only (table 1). 
Using Protparam, instability index of TaNFX1 proteins was 
predicted, and all proteins were found to be unstable (table 2). The 
aliphatic index is an indication for the increase in thermostability of 
globular proteins. High aliphatic index indicates thermal stability 
and flexible nature of proteins. The highest aliphatic value was found 
in NFX1-1 protein, and the lowest value was found in NFX1-5 
protein (table 2). GRAVY values normally range between±2 where 
positive values are indicators of hydrophobic nature of proteins, and 
negative values indicate hydrophilic nature of proteins. All the 
identified NFX1 proteins were considered to be hydrophilic in 
nature (table 2). Transmembrane helices play a vital role in the 
study of membrane-associated proteins especially with respect to 
cell signaling, energy transduction, and transport. Two such helices 
were found only in NFX1-1 protein at positions 90-107 and 167-178. 
In rest of NFX1 proteins, transmembrane helices were absent. NLS 
was identified in NFX1-1 protein only. The secondary structure 
could be predicted for all the nine NFX1 proteins. Beta strands were 
present in all the NFX1 proteins whereas alpha helix was absent in 
NFX1-3 (table 3).  
Direct and indirect functional associations of the predicted NFX1 
(fig. 2) proteins in wheat were established using STRING 10 
software. Colored nodes indicated their direct association with the 
input whereas, the edges predicted functional links i.e. they 
consisted of up to eight lines: one color for each type of 
evidence. TaNFX1 network formed is a hub-based network involving 
multifunctional proteins denoted as hubs. It was linked with 
Arabidopsis NFX1 proteins which were involved in biological 
processes, a molecular function such as binding activity.  
Chromosomal localization 
TaNFX1-2, 4, 5 and 9 were found to be localized in wheat 
chromosome 3B whereas, TaNFX1-1 was found to be localized in the 
short arm of wheat chromosome 3D. TaNFX1-3, 7 and 8 were 
localized in the long arm of wheat chromosome 7D. TaNFX1-6 was 
localized in the short arm of wheat chromosome 3A (table 3). 
SOLiD-SAGE based expression analysis of identified NFX1 TFs in 
wheat under leaf rust pathogenesis 
In order to identify the differentially expressed TaNFX1 genes in 
response to leaf rust pathogenesis, the identified NFX1 genes were 
mapped to the reads from the four SOLiD-SAGE libraries using CLC 
Genomics Workbench 6.5 (supplementary file 1).  
In order to identify the expression of a represented gene for a given 
tag, the tags are often compared to a virtual library of tags that 
would have been extracted from an annotated genome or a set of 
ESTs (supplementary file 2). Pair wise experiments were conducted 
between libraries using differentially expressed reads of TaNFX1 
with log2 transformed values to obtain feature hierarchical 
clustering and were displayed as a heat map (fig. 3). A total of 
differentially expressed 34 tags could be extracted from four 
libraries and their corresponding TaNFX1 genes were determined 
(supplementary file 3). Based on the fold change values, the 
maximum level of expression was observed in TaNFX1-3 and 7; the 
minimum level of expression was observed in TaNFX1-2. It was 
noted that many TaNFX1 genes such as TaNFX1-3, 4, 5, 7 and 8 
represented the same tag. This might be due to the presence of 
conserved region between the two genes [15]. 
Tag counts for TaNFX1genes in S-M, S-PI, R-M and R-PI libraries 
were found to be 4734, 6650, 1967, and 2203 respectively. 
Quantitative comparison of the differentially expressed TaNFX1 
genes during infection of wheat NILs was performed using two-
dimensional scatter plots showing Pearson correlation coefficients 
between the SAGE libraries (fig. 4a, 4b and 4c). Pearson correlation 
coefficients were 0.34, 0.55 and 0.25 for S-M vs. S-PI, R-M vs. R-PI 
and S-PI vs. R-PI libraries respectively in TaNFX1 (fig.4a, 4b and 4c). 
Volcano plot, another type of scatter plot, was constructed by 
plotting the negative log of the p-value on the y-axis (usually base 
10) where the x-axis is the log of the fold changes between the two 
conditions that changes in both directions (up and down) and 
appear equidistant from the center (fig. 5a, 5b and 5c; 
supplementary file 4). Data points with low p-values, indicating high 
significance, appeared towards the top of the plot. Experiments 
between S-M vs. S-PI showed, TaNFX1-3, 6 and 7 to have the lowest 
p-value and appeared towards the top of the plot (fig. 5a). TaNFX1-1, 
4, 5, 6 and 9 had low p-values and were hence present towards the 
top of the plot in the experiment R-M vs. R-PI (fig. 5b). TaNFX1-4, 6 
and 9 had the lowest p-value and were, therefore, present at the top 
of the plot in the experiment between S-PI vs. R-PI (fig. 5c). 
 
Fig. 2: Protein–protein interactions of wheat NFX1 proteins 
using STRING. Source: author’s own results 
 






























1 NFX1-1 186 20913.6 9.52 2949 24700 14 31 45.59 82.69 -0.382 
2 NFX1-2 196 21545.8 8.21 2909 28220 16 21 57.47 53.78 -0.365 
3 NFX1-3 197 20745.7 8.25 2801 3115 15 20 62.05 50.46 -0.420 
4 NFX1-4 241 27082.0 8.99 3688 7345 24 50 65.8 46.1 -0.660 
5 NFX1-5 232 25941.7 9.02 3528 7345 22 49 66.59 44.14 -0.691 
6 NFX1-6 184 20546.9 8.27 2815 5970 18 23 54.93 63.04 -0.440 
7 NFX1-7 201 21667.7 8.24 2962 6990 20 24 61.54 61.99 -0.448 
8 NFX1-8 214 22866.3 8.14 3111 8490 18 22 66.63 58.32 -0.323 
9 NFX1-9 99 11467.3 9.34 1575 27095 6 16 77.27 52.12 -0.726 
Source: author’s own design 
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Fig. 3: Heat map of identified NFX1 genes in wheat. Source: author’s own results 
 
 
Fig. 4a: Scatter plot of identified NFX1 genes in wheat in S-M vs 
S-PI libraries. Source: author’s own results 
 
Fig. 4b: Scatter plot of identified NFX1 genes in wheat in R-M vs 
R-PI libraries. Source: author’s own results 
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Fig. 4c: Scatter plot of identified NFX1 genes in wheat in S-PI vs 
R-PI libraries. Source: author’s own results 
 
 
Fig. 5a: Volcano plot of NFX1 TF in S-M vs S-PI libraries. Source: 
author’s own results 
 
 
Fig. 5b: Volcano plot of NFX1 TF in R-M vs R-PI libraries. Source: 
author’s own results 
 
DISCUSSION 
NFX1 type TFs have been identified characterized, and their roles in 
stress have been deciphered in Arabidopsis thaliana. No reports on 
wheat NFX1 TF are available yet. This is the first report on wheat 
NFX1 TFs where they have been identified, characterized and their 
role in leaf rust pathogenesis has been predicted. The instability 
index is an estimate of the protein stability under in vitro conditions. 
Protein with instability index less than 40 is predicted as stable, and 
a value above 40 predicts the unstable nature of the protein, hence 
all identified NF-X1 proteins was unstable by nature. Protein-protein 
interactions of NFX1 proteins showed that they are linked with 
Arabidopsis NFX1 proteins which have a role to play in biotic and 
abiotic stress. Besides, these proteins have a role in plant circadian 
rhythm pathway as predicted by KEGG pathway analysis. 
 
Fig. 5c: Volcano plot of NFX1 TF in S-PI vs R-PI libraries. Source: 
author’s own results 
 
The phylogenetic tree showed that identified NFX1 proteins 
belonged to type-1, 2 and 4 NFX1zinc finger. Tag-based 
transcriptomics analysis is an extension of SAGE in conjunction with 
next-generation sequencing technologies, where the full-length 
mRNAs are not sequenced. Tags of 27 bp are extracted from each 
transcript, sequenced and counted to measure the abundance of 
each transcript. Among all the three experiments performed for 
scatter plot, the highest differences in expression of TaNFX1genes 
between two libraries were in R-M vs. R-PI. This suggests that the 
wheat NILs employ different sets of TaNFX1 genes to counter leaf 
rust pathogen-mediated infection. 
CONCLUSION 
In this study using the transcriptomic approach we have predicted 
NFX1 TF proteins that regulate gene expression in response to leaf 
rust disease in wheat which has not been reported or studied before. 
We were able to get differentially expressed NFX1 genes indicating 
their role in leaf rust pathogenesis. Functional and bioinformatics-
based exploration of wheat NFX1 TFs in related monocots might 
provide subsets of candidate target genes to improve agronomic 
traits related to biotic stress tolerance.  
Availability 
Sequence read archives: SRA061917 under Bio Sample accessions 
for four SOLiD SAGE libraries: SAMN01820702, SAMN01820703, 
SAMN01820704, and SAMN01820705. 
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